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COUPLING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priornity to POT Applica-

tion No. PCT/US2013/067114 filed on Oct. 28, 2013, which
claims priority to U.S. Provisional Application No. 61/719,

794 filed on Oct. 29, 2012, the entire contents and disclosure
of which are herein incorporated by reference.

FIELD

This disclosure 1s related generally to the field of human-
machine 1nterfaces and 1n particular to a system and method
for coupling together a portion of a human (e.g., a limb) with
a robotic device.

BACKGROUND

In general, robotic exoskeletons or other robotic limbs can
be used 1 multiple capacities, such as military, industrial,
augmentative, rehabilitative, or for research-related applica-
tions. For example, individuals who have suffered an injury
or disease (e.g., a stroke) and require retraining or rehabili-
tation of one or more limbs and motor skills may employ a
robotic exoskeleton to assist in their rehabilitation. More-
over, some robotic exoskeletons or other robotic devices can
be used in military applications to augment strength and
speed for use 1n combat and other military-related activities.
In addition, some robotic devices can be used 1n industrial
settings for use 1n shipping, loading, and other applications
to accomplish movement of relatively large masses and/or
volumes 1n a relatively short period of time.

Regardless of the uses of these robotic devices, many of
these conventional systems require that the human be physi-
cally coupled to the robotic device. By coupling together the
human and the robotic device, the human can be put at risk.
In particular, because many of these couplings do not readily
uncouple, if the robotic device were to not perform in
accordance with a pre-programmed protocol, the human
could face significant injury. As such, many of these con-
ventional systems may use coupling devices such as screws,
bolts, or straps to retain the interface between the human and
the robotic device. As a result, it may be difhicult to separate
the coupling between the human and the robotic device
should a need arise for these two entities to be quickly
separated, for example, during an emergency. Therefore,
there 1s a need for further improvements 1n coupling systems
that couple a human limb to a robotic device.

SUMMARY

In one embodiment, a coupling system can include a brace
member, a plurality of coupling members, and a plurality of
magnetic bodies. For example, in one embodiment, the
coupling system can be coupled or atlixed to a robotic device
to serve as an interface therebetween. In one embodiment,
the brace member can include a first portion pivotally
coupled to a second portion. Once coupled, the first and
second portion can collectively define a sleeve channel. The
plurality of coupling members can include a first coupling
member that can be engaged to the brace member and
another of the coupling member that can define a plurality of
pegs. In addition, in some embodiments, a third of the
plurality of coupling members defines a plurality of corre-
sponding channels configured to receive a respective one of
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2

the plurality of pegs. In one embodiment, at least one of the
plurality of magnetic bodies can be disposed within any two

of the plurality of pegs and at least another one of the
plurality of magnetic bodies can be disposed with any two
of the plurality of channels.

Some embodiments provide a method of assembling a
coupling system. For example, the method may include
coupling a first portion to a second portion to form a brace
member such that the brace member defines at least a portion
ol a sleeve channel. The method may also include coupling
a proximal coupling member to the brace member and
coupling a medial coupling member to the proximal cou-
pling member. In some aspects, the medial coupling member
may include a plurality of channels. The method may further
include coupling a distal coupling member to a robotic
device. In particular, the distal coupling member may
include a plurality of pegs that can be configured and
arranged to be received within plurality of channels of the
medial coupling member. In some aspects, the method
includes providing a plurality of magnetic bodies, with at
least a portion of the plurality of magnetic bodies being
disposed within any two of the plurality of the pegs and any
two of the plurality of channels.

In one embodiment, a coupling apparatus can include a
brace member, a plurality of coupling members, and a
plurality of magnetic bodies. For example, in one embodi-
ment, plurality of coupling members can include a proximal,
medial, and a distal coupling member, with the proximal
coupling member capable of being coupled to the brace
member and the medial coupling member capable of being
coupled to the proximal coupling member. In one embodi-
ment, the brace member can include a first portion pivotally
coupled to a second portion. Once coupled, the first and
second portion can collectively define a sleeve channel. The
distal coupling member can define a plurality of pegs. In
addition, 1n some embodiments, the medial coupling mem-
ber can define a plurality of corresponding channels config-
ured to receive a respective one of the plurality of pegs. In
one embodiment, at least one of the plurality of magnetic
bodies can be disposed within any two of the plurality of
pegs and at least another one of the plurality of magnetic
bodies can be disposed with any two of the plurality of
channels.

Additional objectives, advantages and novel features will
be set forth 1n the description which follows or will become
apparent to those skilled in the art upon examination of the
drawings and detailed description which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an mmage of an individual employing one
embodiment of a coupling system;

FIG. 2 1s a bottom perspective image of a portion of the
coupling system of FIG. 1;

FIG. 3 1s a front view of the coupling system of FIG. 1;

FIG. 4 1s an 1image of the coupling system of FIG. 1
attached to a robotic arm;

FIG. 5A 1s a first perspective view of one embodiment of
a coupling system;

FIG. 5B 1s a second perspective view of the coupling
system ol FIG. SA;

FIG. 6 1s a first exploded perspective view of one embodi-
ment of a coupling system;

FIG. 7 1s a second exploded perspective view of the
coupling system of FIG. 6;

FIG. 8A 15 a side view of one embodiment of a brace
member for the coupling system;
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FIG. 8B 1s a perspective view of the brace member of
FIG. 8A;

FIG. 9A 1s a perspective view of one embodiment of a
proximal coupling member for the coupling system;

FI1G. 9B is a front view of the proximal coupling member
of FIG. 9A;

FIG. 9C 1s a cross-sectional view of the proximal coupling,
member of FIG. 9A;

FIG. 10A 1s a perspective view of one embodiment of a
medial coupling member for the coupling system;

FIG. 10B 1s a front view of the medial coupling member
of FIG. 10A;

FIG. 10C 1s a cross-sectional view of the medial coupling,
member of FIG. 10A;

FIG. 11 A 1s a perspective view of one embodiment of a
distal coupling member for the coupling system:;

FIG. 11B 1s a front view of the distal coupling member of
FIG. 11A;

FIG. 11C 1s a cross-sectional view of the distal coupling
member of FIG. 11A;

FIG. 12 1s a simplified diagram of six different experi-
mental configurations of magnetic bodies used to test the
adaptive characteristics of the coupling system of FIG. 1;

FIG. 13 1s a line graph depicting the relationship of force
applied by a robotic arm for decoupling using the six
different experimental configurations from FIG. 12;

FIG. 14 1s a box plot of measured versus theoretical
decoupling force across the six different experimental con-
figurations of FIG. 12 using eight trials per configuration;

FIG. 15 1s a first perspective view of a second embodi-
ment of the coupling system;

FIG. 16 1s a second perspective view of the coupling
system of FIG. 15;

FIG. 17 1s a first exploded perspective view of the
coupling system of FIG. 15;

FIG. 18 1s a second exploded perspective view of the
coupling system of FIG. 15;

FIG. 19 1s a perspective view of a backing plate; and

FIG. 20 1s a cross-sectional view of the backing plate of
FIG. 19.

FIG. 21 15 a system depicting a kill switch for use with
aspects of the present disclosure.

FIG. 22 1s a diagram depicting use of variable distance
magnets for use with aspects of the present disclosure.

FI1G. 23 1s a diagram 1illustrating use of a track according
to aspects of the present disclosure.

Corresponding reference characters indicate correspond-
ing elements among the view of the drawings. The headings
used 1n the figures should not be interpreted to limit the
scope of the claims.

DETAILED DESCRIPTION

Referring to the drawings, embodiments of a coupling
system are 1llustrated and generally indicated as 100 1n
FIGS. 1-11 and 200 1n FIGS. 15-20. In some embodiments,
the coupling system 100 can be used in conjunction with a
robotic device. For example, 1n one embodiment the cou-
pling system 100 may be used to couple together an 1ndi-
vidual with a robotic arm 101. As best viewed 1n FIGS. 1-4,
portions of the coupling system 100 can be operatively
connected to both the individual and the robotic arm 101 so
that movement can be transferred from the individual
through the coupling system 100 (i.e., either from the robotic
arm 101 to the mndividual or vice versa). In addition, 1n some
embodiments, the coupling system 100 can be configured
and arranged to physically separate should a sufficient force
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be applied to the coupling system 100 1n an appropriate
direction. As a result, the individual and the robotic arm 101
can physically separate should the need arise to prevent
injury to the individual or to simply separate the individual
and the robotic arm 101 when the individual has completed
his or her tasks related to the robotic arm 101. Moreover, 1n
some embodiments, the coupling system 100 can be con-
figured to provide a comiortable interface for the individual
so that the individual does not experience any significant
pain or discomifort during use of the coupling system 100. It
should be noted that the coupling system 100, although
depicted as coupling together an arm of an individual with
a robotic arm 101, can be used to couple other limbs of one
or more individuals to other robotic devices. For example,
the coupling system 100 can be used to couple a leg of an
individual to another robotic device (e.g., a robotic leg or
exoskeleton) (not shown).

In some embodiments, the coupling system 100 can
include a coupling apparatus 102, as illustrated in FIGS.
5A-7. In particular, in some embodiments, the coupling
apparatus 102 can include a brace member 104 engaged to
a plurality of coupling members 106, 108, and 110. For
example, the coupling apparatus 102 can include a proximal
coupling member 106, coupled to a medial coupling mem-
ber 108, which 1s coupled to a distal coupling member 110.
In one embodiment, the proximal, medial, and distal cou-
pling members 106, 108, and 110 can be arranged so that
proximal coupling member 106 1s the closest to the brace
member 104 and the individual, while the distal coupling
member 110 1s closest to the robotic arm 101 and the medial
coupling member 108 1s positioned between the proximal
and distal coupling members 106, 110. In one arrangement,
as described 1n greater detail below, the proximal coupling
member 106 may be coupled to the brace member 104 and
the distal coupling member 110 may be coupled to the
robotic arm 101.

In some embodiments, at least some portions of the
coupling apparatus 102 can be formed from a metal-con-
taining material. In one embodiment, at least some portions
of the coupling apparatus 102 can be manufactured from a
substantially or completely non-ferromagnetic material,
such as aluminum. By way of example only, in one embodi-
ment, at least some portions of the brace member 104 and
the proximal, medial, and distal coupling members 106, 108,
and 110 can be formed from aluminum using a conventional
process, such as machining, casting, and/or molding. In
other embodiments, the coupling apparatus 102 1s formed
from other materials, such as polymers or fiber-based mate-
rials (e.g., wood).

In one embodiment, the brace member 104 can be con-
figured and arranged to receive at least a portion of the
individual. For example, a portion of an upper extremity
(e.g., a wrist) of the individual can be received with the brace
member 104, as shown 1n FIG. 1. Referring now to FIGS.
6-8B, 1n one embodiment, the brace member 104 can be
made from a plurality of subunits that can be coupled
together 1n order to facilitate the positioning of the individu-
al’s wrist within the brace member 104. In one embodiment,
the brace member 104 can be composed of a first portion 112
and a second portion 114.

In some embodiments, the first and second portions 112,
114 may be formed as similar components. For example, the
first portion 112 of the brace member 104 may be formed
with a first sleeve portion 1164 and a second sleeve portion
1165, which both extend from opposing lateral sides of the
first portion 112. Moreover, the second portion 114 of the
brace member 104 may be formed with a third sleeve portion
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1184 and a fourth sleeve portion 1185, which both extend
from opposing lateral sides of the second portion 114. In
some embodiments, the first, second, third, and fourth sleeve
portions 116a, 1165, 118a, and 11856 may be substantially
integral with the first and second portions 112, 114, respec-
tively (e.g., the first and second sleeve portions 112, 114 can
be manufactured with the first, second, third, and fourth
sleeve portions 116a, 1165, 118a, and 118bH). In other
embodiments, one or more of the first, second, third, and
tourth sleeve portions 116a, 1165, 118a, and 11856 may be
coupled to the first and second portions 112, 114, respec-
tively, after manufacture of the first and second portions 112,
114.

In one embodiment, the first portion 112 and the second
portion 114 are coupled together to collectively form the
brace member 104. For example, the first and second
portions 112, 114 may be movably coupled together using
one or more hinge components 120. In particular, the first
and second portions 112, 114 may each include one or more
hinge apertures 122 that are configured and arranged to
receive a coupling member 124 to retain together the brace
member 104 and the hinge component 120. By way of
example only, 1n one embodiment, the first portion 112 can
include two coupling apertures 122 and the second portion
114 can include two coupling apertures 122. When the first
and second portions 112, 114 of the brace member 104 are
placed immediately adjacent to each other so that the
coupling apertures 122 are proximate to each other, the
hinge component 120 can be coupled to both of the first and
second portions 112, 114 with a plurality of coupling mem-
bers 124 (e.g., screws or bolts). As a result, after coupling of
the hinge component 120 both the first and second portions
112, 114 of the brace member 104 can be retained together.

In some embodiments, once coupled together, the first and
second portions 112, 114 can be configured to receive at
least a portion of the individual. As previously mentioned, 1n
some embodiments, the first and second portions 112, 114
may be formed to include a semi-circular configuration. As
a result, when the first and second portions 112, 114 are
coupled together, the semi-circular portions can be substan-
tially or completely aligned to define at least a portion of a
sleeve channel 126. In one embodiment, the first, second,
third, and fourth sleeve portions 116a, 1165, 118a, and 1185
may also align to form at least a portion of the sleeve channel
126. Specifically, the first and third sleeve portions 1164,
118a and the second and fourth sleeve portions 1165, 1185
may align when the first and second portions 112, 114 are
coupled together using the hinge component 120, thereby
forming additional portions of the sleeve channel 126. As a
result, the sleeve channel 126 can extend from a lateral edge
of the first and third sleeve portions 116a, 118a to a lateral
edge of the second and fourth sleeve portions 11656, 1185,
thereby defining the sleeve channel 126 with a length
suilicient to retain portions of the individual (e.g., the wrist)
during operations of the robotic arm 101.

In some embodiments, the hinge component 120 can be
configured to enable retention and removal of a portion of
the individual from with the sleeve channel 126. For
example, 1n one embodiment, the hinge component 120
includes one or more biasing members 128. In particular,
cach biasing member 128 can be configured and arranged to
bias the brace member 104 1n a substantially closed position
(1.e., little or no space existing between the first portion 112
and the second portion 114 other than the sleeve channel
126). By way of example only, when the individual wishes
to aflix the brace member 104 to their body, the individual
can exert a force on a side of the brace member 104 opposing
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the side of the brace member 104 to which the hinge
component 120 1s coupled. As a result, the brace member
104 can open to an extent that the individual can place a
portion of their body within the sleeve channel 126. More-
over, the hinge component 126 can function as a pivot
position during this opening process. Once the individual
places the body part within the sleeve channel 126, the
individual can slowly release the pressure exerted on the first
and second portions 112, 114 and the biasing member 128 of
the hinge component 120 can produce suilicient force to
return the brace member 104 to substantially the same
configuration as prior to insertion of the individual (1.e., 1n
a closed position). In addition, the biasing member 128 can
also exert a force to retain together the first and second
portions 112, 114 during use of the coupling system 100 (1.¢.,
the biasing member 128 can function to bias the brace
member 104 1n the closed position).

In some embodiments, the brace member 104 may
include additional systems or components to retain portions
of the individual within the sleeve channel 126. For
example, as best seen 1 FIGS. 2, 4 and 5A-7, the brace
member 104 includes one or more straps 130. In one
embodiment, a first strap 130a 1s coupled to the first and
third sleeve portions 116a, 118a (e.g., via an adhesive, such
as an epoxy-based adhesive) and a second strap 1305 1s
coupled to the second and third sleeve portions 1165, 1185
(e.g., via an adhesive, such as an epoxy-based adhesive). By
way of example only, the first and second straps 130q, 1305
can operate 1n a substantially similar manner. Specifically,
the first and second straps 130a, 1305 can remain loose,
uncinched, or unattached prior to and immediately after
positioning a portion of mndividual within the sleeve channel
126. Shortly thereafter, the first and second straps 130a,
1306 can be tightened or cinched to aid in retaining the
individual within the brace member 104. For example, 1n
one embodiment, the first and second straps 130a, 1305 may
include a fabric hook and loop-fastener arrangement (e.g.,
Velcro®) so that the first and second straps 130a, 1306 can
be locked together, respectively, to retain the brace member
104 during use of the coupling system 100.

In some embodiments, the brace member 104 can be
configured to engage the first and second straps 130a, 1305.
For example, 1n some aspects, one or more apertures (not
shown) can be defined by an outer surface of the first,
second, third, and/or fourth sleeve portions 116a, 1165b,
1184, 1185 to recerve at least a portion of the first and second
straps 130a, 1305, respectively. As such, the first and second
straps 130a, 1306 can be threaded through the apertures and
retained 1n place. In other embodiments, other configura-
tions of the first and second straps 130a, 13056 (e.g., teeth-
and-latch straps) can be coupled to the brace member 104,
in a manner similar to coupling features on a snowboard or
ski boots.

In some embodiments, the brace member 104 can be
configured and arranged to provide a comfortable experi-
ence for the individual using the coupling system 100. In one
embodiment, the brace member 104 includes a comiort
member 132. Referring back to FIGS. SA-7, in some
embodiments, the comfort member 132 1s at least partially
positioned within the sleeve channel 126. When the indi-
vidual positions a portion of his or her body within the brace
member 104, the comiort member 132 can be positioned
between the individual and the brace member 104. As
previously mentioned, some portions of the coupling appa-
ratus 102, which includes the brace member 104 may be
fabricated from a metal-containing material. As a result,
wearing of the brace member 104 may cause irritation,
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damage, or bruising of the skin of the individual during use
of the coupling system 100. Accordingly, by including the
comiort member 132, the risk of 1rritation, damage, bruising,
and/or other discomiort can be at least partially reduced.

In some embodiments, the comfort member 132 can be
manufactured from a material that 1s designed to cushion the
portion of the individual within the brace member 104. For
example, 1n some embodiments, the comiort member 132
can be made from a polyurethane material. In particular, the
comiort member 132 can be made from a polyurethane
material that has increased viscosity and density, relative to
some conventional forms of polyurethane. By way of
example only, 1n one embodiment, the comiort member 132
can be manufactured from conventional visco-elastic poly-
urcthane foam (i.e., “memory foam™).

Moreover, 1n addition to providing comiort, the inclusion
of the comfort member 132 enables the use of the coupling
system 100 by more than one individual. For example, some
conventional coupling systems may be designed for a single
individual with padding or cushioning that 1s contoured that
the shape of that individual. However, by including the
comfort member 132 within the sleeve channel 126, indi-
viduals with different contours and shapes can be accom-
modated within the brace member 104 because the comiort
member 132 can receive body portions of different sizes. In
addition, the first and second straps 130a, 1305 can also be
used to accommodate differently sized portions of different
individuals. For example, should an individual with a large-
diameter wrist position his or her wrist within the brace
member 104, the comfort member 132 can be compressed to
accommodate the larger diameter wrist and the first and
second straps 130a, 1305 can be used to ensure that the wrist
stays securely within the brace member 104 during the use
of the coupling system 100.

In some embodiments, the first and second portions 112,
114 are not necessarily completely 1dentical, as 1llustrated 1n
FIGS. 6-8B. For example, in one embodiment, the first
portion 112 can include at least one arcuate, circuitous, or
otherwise chamiered edge 134. Moreover, in one embodi-
ment, the chamfered edge 134 can be on a side of the first
portion 112 that opposes the side of the first portion 112 that
includes the hinge apertures 122. Furthermore, in some
embodiments, the second portion 114 can include an exten-
sion 136. In particular, the extension 136 can extend from
the second portion 114 and may be configured and arranged
to support and/or be coupled to other portions of the cou-
pling apparatus 102. For example, in one embodiment, the
extension 136 includes a plurality of receiving apertures 138
that can be configured and arranged to enable attachment of
the proximal coupling member 106 to the brace member
104. In other embodiments, the proximal coupling member
106 can be coupled to the brace member 104 1n other
manners (e.g., welding, brazing, adhesives, etc.) or the
proximal coupling member 106 and the brace member 104
can be integral with each other.

Referring now to FIGS. 5A-7 and 9A-9D, the proximal
coupling member 106 may include a plurality of receptacles
140 and a plurality of coupling holes 142. For example, 1n
one embodiment, the proximal coupling member 106
includes four receptacles 140 and two coupling holes 142.
Specifically, the four receptacles 140 can be circumieren-
tially arranged around a center of the proximal coupling
member 106. In particular, the four receptacles 140 can be
arranged so that a center of each receptacle 140 1s spaced
apart by about ninety degrees from a center of a circumier-
entially adjacent receptacle 140. However, in other embodi-
ments, the proximal coupling member 106 can include
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greater or lesser numbers of receptacles 140. In addition, 1n
some embodiments, one or more of the plurality of recep-
tacles 140 do not extend through the proximal coupling
member 106.

By way of example only, 1n one embodiment, the proxi-
mal coupling member 106 can include a first receptacle
140qa, a second receptacle 1405, a third receptacle 140¢, and
a Tourth receptacle 1404. Moreover, the plurality of recep-
tacles 140 can be configured and arranged so that the first
and third receptacles 140q, 140¢ and the second and fourth
receptacles 1405, 140d are parallel with respect to each
other. Specifically, the first and third receptacles 140a, 140c¢
directly oppose each other (1.e., a center point of each of the
first and third receptacles 140a,, 140c 1s spaced apart by
about one hundred eighty degrees). Similarly, the second
and fourth receptacles 14056, 1404 also directly oppose each
other (1.e., a center point of each of the second and fourth
receptacles 1405, 1404 1s spaced apart by about one hundred
cighty degrees). As used herein, the term “parallel” refers to
clements that directly oppose each other and are not cir-
cumierentially adjacent (e.g., the first and second recep-
tacles 140a, 1405 are not 1n a parallel orientation, but are
rather circumierentially adjacent).

Referring now to FIGS. 5A-7 and 10A-10C, the medial
coupling member 108 may include a similar configuration to
the proximal coupling member 106. For example, the medial
coupling member 108 defines a plurality of channels 144
and an additional plurality of coupling holes 142. In one
embodiment, the plurality of channels 144 can be arranged
in a manner substantially similar to the plurality of recep-
tacles 142 of the proximal coupling member 106. Specifi-
cally, the medial coupling member 108 can include a first
channel 144a, a second channel 1445, a third channel 144c,
and a fourth channel 1444. In one embodiment, the first,
second, third, and fourth channels 144a-144d can be cir-
cumierentially arranged around a center of the medial cou-
pling member 108. In particular, the plurality of channels
144 can be arranged so that a center of each channel 144 1s
spaced apart by about ninety degrees from a center of a
circumierentially adjacent channel 144. In addition, in some
embodiments, one or more of the plurality of channels 144
extends through the medial coupling member 108. More-
over, similar to the plurality of receptacles 140a-140d, the
first, second, third, and fourth channels 144q-144d are
arranged 1n manner in which the first and third channels
144a, 144¢ and the second and fourth channels 1445, 1444
are 1n a parallel configuration. However, 1n other embodi-
ments, the medial coupling member 108 can include greater
or lesser numbers of channels 144.

In one embodiment, one or more of the plurality of
channels 144 can include a flange 146. Specifically, one or
more of the plurality of channels 144 can be formed with a
substantially cylindrical configuration that extends through
the medial coupling member 108. In one embodiment, a
flange 146 can extend radially mnward from a circumierence
of each of the plurality of channels 144. For example, the
medial coupling member 108 can include a proximal face
148 and a distal face 150, with the proximal face 148 being
positioned adjacent to the proximal coupling member 106
and the distal face 150 being position adjacent to the distal
coupling member 110. In one embodiment, the flanges 146
can be positioned within each plurality of channels 144 at a
position more adjacent to the proximal face 148 than the
distal face 150. As a result, a diameter of each of the
channels 144 can be narrowed at the flange 146, relative to
other portions of the plurality of channels 144 (e.g., a
position more adjacent to the distal face 150).
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In some embodiments, the proximal and medial coupling
members 106, 108 are coupled to the brace member 104
(1.e., the extension 134) so that the plurality of receptacles
140, plurality of coupling holes 142, and plurality of chan-
nels 144 are substantially aligned relative to each other.
More specifically, the proximal and medial coupling mem-
bers 106, 108 can be positioned so that the first, second third,
and fourth receptacles 140a-140d are aligned with the first,
second, third, and fourth channels 144a-144d, respectively.
Moreover, the proximal and medial coupling members 106,
108 can be positioned so that the coupling holes 142 are
aligned with the receiving apertures 138 of the second
portion 114. As a result, one or more coupling members 124
can be 1nserted through the coupling holes 142 and receiving
apertures 138 to retain together the brace member 104, the
proximal coupling member 106, and the medial coupling
member 108. For example, one or more screws or bolts can
be used to couple together (e.g., reversible or irreversibly)
the brace member 104, the proximal coupling member 106,
and the medial coupling member 108.

In one embodiment, prior to or after coupling together the
brace member 104, the proximal coupling member 106, and
the medial coupling member 108, one or more magnetic
bodies 152 can be positioned within at least some of the
plurality of receptacles 140a-1404 and/or the plurality of
channels 144a-144d. Specifically, one or more of the mag-
netic bodies 152 are placed in parallel-oriented receptacles
140a-140d and/or parallel-oriented channels 144a-144d. By
way ol example only, 1n one embodiment, a magnetic body
152 can be placed 1n the first channel 144a 1n a position
immediately adjacent to the flange 146 and another magnetic
body 152 can be placed 1n the third channel 144¢ 1mmedi-
ately adjacent to the tflange 146. In other embodiments, the
magnetic body 152 can be placed 1n the second channel 14456
in a position immediately adjacent to the flange 146 and
another magnetic body 152 can be placed in the fourth
channel 1444 immediately adjacent to the flange 146. In
some embodiments, the flanges 146 can be configured and
arranged to engage a portion of the magnetic bodies 152,
thereby retaining the magnetic bodies 152 within the medial
coupling member 108.

In addition, in other embodiments, the magnetic bodies
152 can be placed 1n each of the plurality of channels
144a-144d. Specifically, a magnetic body 152 can be placed
in each of the first, second, third, and fourth channels
144a-1444d at positions immediately adjacent to the flanges
146. Moreover, in some embodiments, as long as one
magnetic body 152 i1s positioned within each of two parallel-
oriented channels 144 or receptacles 140, additional mag-
netic bodies 152 can be positioned in the circumierentially
adjacent channels 144 or receptacles 140. By way of
example only, magnetic bodies 152 may be positioned
within the first and third channels 144q, 144c¢ (1.e., two
parallel-oriented channels 144) and additional magnetic
bodies 152 can be positioned within one or both of the
second and fourth channels 1445, 1444 (i.e., channels 144
that are circumierentially adjacent). Moreover, as previously
mentioned, the magnetic bodies 152 can also be disposed
within the plurality of receptacles 140a-1404 in similar
patterns.

In some embodiments, the magnetic bodies 152 can be
manufactured from any kind of ferromagnetic material that
can be shaped to fit within the plurality of channels 144
and/or the plurality of receptacles 140. By way of example
only, 1n some embodiments, the magnetic bodies 152 can be
manufactured from neodymium or other rare-earth magnetic
materials.
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In other embodiments, the magnetic bodies 152 can be
manufactured as electromagnets or other structures or appa-
ratuses capable of generating a magnetic field. For example,
the coupling system 100 can function with one or more of
the magnetic bodies 152 replaced by an electromagnet (not
shown). As such, an individual employing the coupling
system 100 can relatively easily and precisely control the
coupling force (i1.e., the magnetic field generated by the
clectromagnet). In particular, the individual using the cou-
pling system 100 could vary the current supplied to the
clectromagnet to vary the magnetic field generated by the
clectromagnet, and correspondingly, vary the coupling
force. Moreover, individuals using embodiments of the
coupling system 100 that include one or more electromag-
nets can vary the coupling force before, during, or after use
of the coupling system 100.

In some embodiments, by 1including one or more electro-
magnets in the coupling system 100, additional features can
be mcluded with the coupling system 100. For example, in
some embodiments, the coupling system 100 can include a
first kallswitch (not shown). In some aspects, the {irst
killswitch can function as a device that receives an input
from the robotic arm 101, processes the mput, and accord-
ingly aflects the coupling status of the coupling system 100.
For example, the first killswitch can receive an mput 1ndi-
cating that the robotic arm 101 has malfunctioned or 1is
otherwise disabled after the individual i1s coupled to the
robotic arm 101, as described in greater detail below. As
such, the first killswitch can cease current from flowing to
the electromagnet to uncouple the individual and the robotic

arm 101 to prevent any kind of potential mjury to the
individual.

Referring now to FIGS. 6, 7, and 11A-11C, 1n some
embodiments, the distal coupling member 110 may 1nclude
a plurality of pegs 154 and an additional plurality of cou-
pling holes 142. In some embodiments, the plurality of pegs
154 can be can be arranged 1n a manner substantially similar
to the plurality of receptacles 142 of the proximal coupling
member 106 and the plurality of channels 144 of the medial
coupling member 108. Specifically, the distal coupling
member 110 can include a first peg 154a, a second peg 1545,
a third peg 154¢, and a fourth peg 1544. In one embodiment,
the first, second, third, and fourth pegs 154a-154d can be
circumierentially arranged around a center of the distal
coupling member 110. In particular, the plurality of pegs 154
can be arranged so that a center of each peg 154 1s spaced
apart by about ninety degrees from a center of a circumfier-
entially adjacent peg 154. Moreover, similar to the plurality
of receptacles 140a-140d and the plurality of channels
144a-144d, the first, second, third, and fourth pegs 154a-
154d can be arranged 1n manner 1n which the first and third
pegs 154a, 154¢ and the second and fourth pegs 1545, 1544
are 1n a parallel configuration.

In some embodiments, the distal coupling member 110
includes a proximal face 156 and a distal face 158. More
specifically, the proximal face 156 can be positioned adja-
cent to the medial coupling member 108 and the distal face
158 can be positioned more adjacent to the robotic arm 101.
In one embodiment, one or more of the plurality of pegs 154
extends from the proximal face 156 of the distal coupling
member 110. By way of example only, 1n one embodiment,
cach of the plurality of pegs 154 can extend from the
proximal face 156 a distance of about one-half inch. How-
ever, 1n other embodiments, at least some of the plurality of
pegs 154 may extend other distances from the proximal face
156. In addition, as discussed in greater detail below, the




US 9,833,895 B2

11

plurality of pegs 154 can be at least partially recerved within
the plurality of channels 144 to aid 1n retaining together the
coupling apparatus 102.

In some embodiments, one or more of the plurality of
pegs 154 can be configured and arranged to receive one or
more magnetic bodies 152. Specifically, the magnetic bodies
152 and the plurality of pegs 154 can each include a similar
diameter such that one or more of the magnetic bodies 152
can be positioned within one or more of the plurality of pegs
154. In other words, the plurality of pegs 154 can define a
substantially hollow configuration so that the magnetic
bodies 152 may be disposed inside of the plurality of pegs
154. Moreover, 1n one embodiment, one or more of the
plurality of pegs 154 can include a peg flange 160 to aid in
retaining the magnetic bodies 152. For example, similar to
the plurality of channels 144, the plurality of pegs 154 may
also be formed 1n a substantially cylindrical configuration
and the peg flanges 160 can extend radially inward from the
circumierence of the plurality of pegs 154. By way of
example only, 1n one embodiment, the magnetic bodies 152
can be positioned within the plurality of pegs 154 wvia
insertion into the plurality of pegs 154 through the distal face
158 of the distal coupling member 110. The magnetic bodies
152 can be disposed adjacent to the peg tlanges 160, which
can engage a portion of the magnetic bodies 152 (i.e., a
shoulder recess 166, as shown in FIG. 12) to retain the
magnetic bodies 152 within the plurality of pegs 154.

In some embodiments, the magnetic bodies 152 can be
positioned within the plurality of pegs 154 in a manner
similar to the one in which the magnetic bodies 152 are
positioned within the plurality of channels 144 and/or the
plurality of receptacles 140. Specifically, one or more of the
magnetic bodies 152 are placed in parallel-oniented pegs
154a-154d. By way of example only, in one embodiment, a
magnetic body 152 can be placed 1n the first peg 1544 1n a
position immediately adjacent to the peg flange 160 and
another magnetic body 152 can be placed in the third peg
154¢ immediately adjacent to the peg tlange 160. In other
embodiments, the magnetic body 152 can be placed 1n the
second peg 1545 1n a position immediately adjacent to the
peg tlange 160 and another magnetic body 152 can be placed
in the fourth peg 1544 immediately adjacent to the peg
flange 160.

In addition, in other embodiments, the magnetic bodies
152 can be placed 1n each of the plurality of pegs 154a-1544d.
Specifically, a magnetic body 152 can be placed 1n each of
the first, second, third, and fourth pegs 154a-154d at posi-
tions 1mmediately adjacent to the peg tlanges 160. More-
over, 1n some embodiments, as long as one magnetic body
152 1s disposed within each of two parallel-orniented pegs
154, additional magnetic bodies 152 can be positioned 1n the
circumierentially adjacent pegs 154. By way of example
only, magnetic bodies 152 may be positioned within the first
and third pegs 154a, 154¢ (1.e., two parallel-oriented pegs
154) and additional magnetic bodies 152 can be positioned
within one or both of the second and third pegs 1545, 1544
(1.e., pegs 154 that are circumierentially adjacent).

In addition, the positioning of the magnetic bodies 152
within the plurality of channels 144 and/or the receptacles
140 can impact the positioning of the magnetic bodies 152
within the plurality of pegs 154. For example, attraction
between the magnetic bodies 152 1n the plurality of pegs 154
and the plurality of channels 144 can at least partially
provide for the coupling force to retain together the indi-
vidual and the robotic arm 101. Accordingly, 1n order to
provide the coupling force, the magnetic bodies 152 should
be 1n the plurality of pegs 154 and the plurality of channels

5

10

15

20

25

30

35

40

45

50

55

60

65

12

144 that align upon assembly of the coupling apparatus 102.
For example, the first, second, third, and fourth pegs 154a-
1544 can be received within the first, second, third, and
fourth channels 144a-144d, respectively. In order to provide
magnetic attraction to retain together the coupling apparatus
102, the magnetic bodies 152 should be 1n similar positions.
By way of example only, one or more magnetic bodies 152
can be positioned 1n the first and third pegs 154a, 154¢ and
the first and third channels 144a, 144¢ so that the magnetic
bodies 152 are immediately adjacent to each other when the
medial and distal coupling members 108, 110 are positioned
adjacent to each other to provide the attractive force to retain
together the coupling apparatus 102.

As previously mentioned, 1n some embodiments, the
coupling system 100 can include different numbers of recep-
tacles 140, channels 144, and pegs 154. The arrangement of
the plurality of magnetic bodies 152 can be at least partially
impacted to accommodate the configuration. By way of
example only, in some embodiments, the coupling system
100 includes an odd number of receptacles 140, channels
144, and pegs 154 (e.g., three, five, seven, etc.). As a result,
to provide balance between the elements of the coupling
apparatus 102, at least one magnetic body 152 1s placed 1n
cach of the receptacles 140, channels 144, and pegs 154.
Moreover, when the coupling system 100 includes an odd
number of receptacles 140, channels 144, and pegs 154, the
magnetic bodies 152 need not be placed in receptacles 140,
channels 144, and pegs 154 that are parallel with respect to
cach other.

As shown 1n FIGS. 6 and 12, the magnetic bodies 152 can
be provided in one or more configurations. For example, at
least some of the magnetic bodies 152 can be configured as
“step-out” magnetic bodies 152a. In particular, the step-out
magnetic bodies 152a can be configured to engage one or
more of the tlanges 146 and/or one or more ol the peg
flanges 160. Specifically, some or all of the step-out mag-
netic bodies 152a can include a shoulder recess 166 that 1s
configured and arranged to engage one or more of the
flanges 146 and/or one or more of the peg flanges 160 of the
medial and distal coupling members 108, 110, respectively.
Moreover, in some aspects, at least a portion of the magnetic
bodies 152 can include a substantially uniform or “straight™
configuration such that the magnetic bodies 152 do not
include a shoulder recess 166. In some embodiments, the
step-out magnetic bodies 152a can be first placed within one
or more of the plurality of channels 144a-144d to engage the
flanges 146 or the plurality of pegs 154a-154d to engage the
peg tlanges 160 and the straight configured magnetic bodies
152 can be used thereafter to provide magnetic force, as
determined by the user.

In some embodiments, the coupling system 100 can
include configurations that can enable variations in the
magnetic field generated by the magnetic bodies 152. In
some aspects, the coupling system 100 can be configured
such that the coupling apparatus 102 includes variable
distance permanent magnets. For example, some or all of the
plurality of receptacles 140, the plurality of channels 144,
and/or the plurality of pegs 154 that include one or more
magnetic bodies 152 can also include an apparatus (not
shown) to move the magnetic bodies 152 in a generally
linear direction. Specifically, some or all of the plurality of
receptacles 140, the plurality of channels 144, and/or the
plurality of pegs 154 can include a track (not shown) (e.g.,
a screw or axle) that be positioned adjacent to the magnetic
bodies 152. As such, the individual using the coupling
system 100 can activate and deactivate the apparatus to
cause some or all of the magnetic bodies 152 in the coupling
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system 100 to either move a greater distance apart or a
greater distance together. As a result, when the apparatus
causes the magnetic bodies 152 to move closer together, the
coupling or attractive force of the magnetic bodies 152
increases. Conversely, when the apparatus causes the mag-
netic bodies 152 to move a greater distance apart, the
coupling or attractive force of the magnetic bodies 152
decreases, thereby providing adjustability of the magnetic
forces of the coupling system 100.

In some embodiments, the coupling system 100 can
include a connector plate 162. Specifically, the connector
plate 162 can be configured and arranged to couple the distal
coupling member 110 to the robotic arm 101. For example,
a plurality of receiving holes 164 are circumierentially
arranged around at least a portion of a diameter of the
connector plate 162. As a result, the plurality of coupling
holes 142 through the distal coupling member 110 can be
substantially aligned with at least a portion of the plurality
of receiving holes 164 through the connector plate 162 so
that one or more coupling members 124 can be disposed
therethrough to retain the distal coupling member 110 and
the connector plate 162 with respect to the robotic arm 101.

In some embodiments, elements of the coupling system
100 can be retammed in position in other manners. For
example, 1n lieu of, or 1n addition to a plurality of coupling
holes 142 and a plurality of coupling members 124, some
embodiments of the coupling system 100 include a coupling
mechanism (not shown). In some embodiments, the cou-
pling mechanism can be configured as a latch and/or a hinge
that can retain together the brace member 104, the proximal,
medial, and distal coupling members 106, 108, 110, and/or
the robotic arm 101. Moreover, the coupling mechanism can
be configured to enable relatively easy access to the mag-
netic bodies 152 without the need to remove the coupling
members 124.

As a result of some of the previously mentioned configu-
rations, the coupling system 100 can provide an individual-
robot interface. By way of example only, after positioning,
the magnetic bodies 152 within some or all of the plurality
of pegs 154, the distal coupling member 110 and the
connector plate 162 are reversibly or irreversibly coupled to
the robotic arm 101. Moreover, after positioning the mag-
netic bodies 152 within the corresponding plurality of chan-
nels 144 or the corresponding plurality of receptacles 140,
the medial and proximal coupling members 106, 108 may be
coupled to the brace member 104. For example, the mag-
netic bodies 152 are placed within parallel-oniented pegs 154
(c.g., the first and third pegs 154a, 154¢) and parallel-
oriented channels 144 (e.g., the first and third channels 144aq,
144c).

Once the individual 1s ready to use the robotic arm 101,
the individual can aflix the brace member 104 to a portion
of his or her body. For example, the individual can athix the
brace member 104 to his or her wrist. Once the wrist 1s
positioned within the sleeve channel 126 and substantially
protected by the comfort member 132, the first and second
straps 130a, 1305 can be tightened and/or attached together
to retain the wrist within the brace member 104. At this
point, the individual can position the brace member 104,
proximal coupling member 106, and medial coupling mem-
ber 108 at a position adjacent to the robotic arm 101 and the
distal coupling member 110. Specifically, the medial cou-
pling member 108 can be positioned so that the plurality of
pegs 154 are received within the corresponding plurality of
channels 144, thereby introducing the magnetic bodies 152
within the parallel-oriented pegs 154 and the magnetic
bodies 152 within the parallel-oriented channels 144. As a
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result of the close proximity of the magnetic bodies 152
producing magnetic attraction, the plurality of pegs 154 are
retained within the plurality of channels 144, and the cou-
pling apparatus 102 1s retained as a single unit. The indi-
vidual 1s then free to move the robotic arm 101 or vice versa.

The above configurations provide significant benefits over
conventional configurations. Many conventional systems
require attachment between the mndividual and the robotic
system at multiple points, such as at the upper arm, the wrist,
the shoulder, and the hand. The single-point attachment
teature of the coupling system 100 (e.g., attachment at the
wrist of the individual) enables easier use of the coupling
system 100 and more freedom of movement. In addition, the
engagement of the plurality of pegs 154 within the plurality
of channels 144 enables forces (torque) to be transierred 1n
any direction. Specifically, after positioming the plurality of
pegs 154 within the plurality of channels 144, force can be
transierred from the individual to the robotic arm 101 in any
direction without a concern for mnadvertent separation of the
medial and distal coupling members 108, 110, as long as the
force 1n certain directions does not exceed the force neces-
sary to overcome the attraction between the magnetic bodies
152.

Additionally, by being coupled at the wrist, the coupling
system 100 enables hands-free usage. In particular, many
conventional coupling systems require that the hands of the
individual be used 1n retaining the connection between the
individual and the robotic arm 101. This configuration of the
coupling system 100 therefore enables the use of the hands
for any other necessary tasks while force 1s being exchanged
between the brace member 104 and the robotic arm 101.

Si1gnificantly, the coupling system 100 can disengage the
individual from the robotic arm 101 upon the proper appli-
cation of force. Many conventional systems require that the
individual be strapped, buckled, or otherwise secured to the
conventional coupling system. Moreover, such a conven-
tional coupling system must be solidly screwed, welded, or
otherwise attached to the robot. This conventional configu-
ration could give rise to significant injury upon malfunction
of the robot because the individual cannot readily disengage
from the robot.

In some embodiments of the coupling system 100, the
application of a force 1n particular directions can overcome
the magnetic attraction of the magnetic bodies 152 and can
be suflicient to uncouple or disengage the individual from
the robotic arm 101. For example, 11 the individual wishes to
disengage from the robotic arm 101, the individual may
apply a magnitude of force i a direction parallel to the
plurality of pegs 154 and/or the plurality of channels 144
that 1s suilicient to overcome the magnetic coupling between
the distal coupling member 110 and the medial coupling
member 108. As a result, should the need arise (e.g., due to
an emergency), the individual can disengage from the
robotic arm 101.

Some embodiments of the coupling system 100 can
include a second killswitch (not shown) that 1s configured to
at least partially function when the individual disengages the
robotic arm 101. For example, the second killswitch can be
in communication with a power source of the robotic arm
101 and can be configured to sense the coupling status of the
coupling system 100. In particular, 1f the individual using the
coupling system 100 is required to disengage from the
robotic arm 101 (e.g., due to a malfunction), the second
killswitch can function to deactivate the power supply of the
robotic arm 101. In some aspects, the second killswitch can
be configured as a circuit that bridges a gap between the
medial and distal coupling members 108, 110 so that when
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the uncoupling event occurs, the separation 1s detected by
the second kiallswitch and the power tlow to the robotic arm
101 1s severed by the second killswitch. As a result, if the
robotic arm 101 malfunctions, the individual using the
coupling system 100 can not only disengage from the
robotic arm 101, but can also ensure that the robotic arm 101

ceases operating upon disengagement. In addition, 1n some
embodiments, the second killswitch can be used activate the
robotic arm 101. In particular, the second killswitch can
function as a satety device such that the robotic arm 101 1s
not able to function until the coupling apparatus 102 1s
coupled to the robotic arm 101.

In some embodiments, the coupling system 100 can be
customizable for use with different applications. For
example, to produce a greater amount ol magnetic attraction,
more than one magnetic body 152 can be used in the
plurality of channels 144 and/or the plurality of pegs 154.
Additional magnetic bodies 152 can be added to increase the
magnitude of force necessary to separate the medial and
distal coupling members 108, 110. By way of example only,
in some embodiments, 1 a magnetic body 152 1s positioned
within each of the first and third channels 144a, 144¢ and the
first and third pegs 154a, 154¢, then additional magnetic
bodies 152 can be added to one or more of the first and third
channels 144a, 144¢ and the first and third pegs 154a, 154c¢
to increase the magnetic forces. Specifically, the additional
magnetic bodies 152 can be added in series (1.e., one
magnetic body 152 behind the first magnetic body 152). In
some embodiments, each of the plurality of channels 144
and/or each of the plurality of pegs 154 can be configured to
receive up to five magnetic bodies 152, depending on the
s1ze and thickness of the magnetic bodies 152. In addition,
as previously mentioned, additional magnetic bodies 152
can be positioned within all of the plurality of channels 144
and/or all of the plurality of pegs 134 to produce greater
amounts ol magnetic force. As a result, the magnetic force
necessary to accomplish a desired result can be provided by
customizing the number, size, and arrangement of the mag-
netic bodies 152 within the plurality of channels 144 and/or
the plurality of pegs 154. Accordingly, the coupling system
100 can be customized for applications in which a greater
separation force 1s desired (e.g., augmentative applications)
as well as applications 1n which a lesser separation force 1s
desired (e.g., rehabilitation applications).

In addition, the customization of the coupling system 100
can be further intfluenced by other parameters. For example,
the velocity with which the individual pulls the coupling
apparatus 102 away from the robotic arm 101 intluences the
force necessary to separate the distal and medial coupling
members 108, 110. Specifically, the graphs illustrate that the
greater velocity with which the individual exerts the force to
overcome the attractive forces of the magnetic bodies 152,
the less force 1s necessary to pull apart the coupling appa-
ratus 102. As a result, when customizing the coupling
system 100 for a given application, the velocity at which the
individual will be moving his or her appendages (e.g., wrist)
may intluence the design of the coupling system 100. For
example, for applications 1n which the wrist may be moving
at greater velocities, greater numbers of magnetic bodies 152
may be used to ensure that the coupling apparatus 102 does
not separate during use. Conversely, applications where the
wrist may be moving at lesser velocities, a fewer number of
magnetic bodies 152 may be used so that individual can
separate from the robotic arm 101 without having to exert
too great of a force to aflect separation of the coupling
apparatus 102.
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FIGS. 15 and 16 illustrate another embodiment of the
coupling system 200. The coupling system 200 may be
provided 1n a substantially similar configuration to other
embodiments, but can be configured for improved position-
ing of the plurality of magnetic bodies 254 (not shown 1n
FIGS. 15 and 16). For example, the coupling system 200 can
include the coupling apparatus 202, which may further
include the brace member 204 and the proximal, medial, and
distal coupling members 206, 208, 210. Moreover, the
coupling apparatus 202 may also be configured and arranged
to engage the robotic arm 201. As such, the coupling system
200 may be used 1n a manner similar to other embodiments.

In some aspects, the coupling system 200 can include a
backing plate 203. As illustrated 1n FIGS. 15, 16, 19, and 20,
the backing plate 203 can be provided 1n a substantially
circular configuration and a size that 1s substantially similar
to the proximal, medial, and distal coupling members 206,
208, 210. As 1llustrated 1n FIGS. 19 and 20, the backing plate
203 can include a plurality of coupling holes 242 that are
configured and arranged to receive one or more coupling
members (not shown). In addition, the backing plate 203 can
define a proximal face 2035 and a distal face 207 such that
when the coupling apparatus 202 1s assembled, the proximal
face 205 can be positioned substantially adjacent to the
distal coupling member 210 and the distal face 207 can be
positioned substantially adjacent to the connector plate 262.

In some embodiments, the coupling system 200 can
include one or more biasing members 209, as 1illustrated 1n
FIGS. 17 and 18. The biasing members 209 can be config-
ured and positioned to aid in proper alignment and position-
ing of the magnetic bodies 252 (magnetic bodies 252 not
shown 1n FIG. 17) within the coupling apparatus 202. In
particular, at least a portion of the biasing members 209 can
be configured as springs or other structures or apparatuses
that are capable of exerting a force on the magnetic bodies
252 to aid 1n alignment of the magnetic bodies 252. By way
of example only, some or all of the biasing members 209 can
be configured as compliant metal springs of a length and
diameter that 1s slightly less than some portions of the
coupling apparatus 202 (e.g., the plurality of receptacles
240, the plurality of channels 244, and/or the plurality of
pegs 254). As such, the biasing members 209 can be used to
aid 1 accurate alignment and positioning of the magnetic
bodies 252, as described below.

In some embodiments, at least one biasing member 209
can be used in conjunction within some or all of the plurality
of receptacles 240, the plurality of channels 244, and/or the
plurality of pegs 254 that include at least one magnetic body
252. For example, as best 1llustrated in FIG. 17, the magnetic
bodies 252 can be placed 1n the first and third receptacles
240a, 240¢ and the first and third channels 244a, 244¢ 1n the
proximal and medial members 206, 208 (1.e., a parallel
configuration). In order to secure and align the magnetic
bodies 252 within the first and third receptacles 240a, 240c¢
and the first and third channels 244a, 244c¢, a first biasing
member 209a can be positioned (e.g., coupled to the proxi-
mal member 208 or uncoupled to the proximal member 208)
proximal of the one or more magnetic bodies 252 in the first
receptacle 240q and a second biasing member 2095 can be
positioned proximal of the one or more magnetic bodies 252
in the third receptacle 240c¢. As a result of this configuration,
the biasing members 209q, 2095 can bias the magnetic
bodies against the tlanges 246 (flanges 246 are illustrated in
FIG. 18) 1n the first and third channels 244a, 244¢. In other
words, when the magnetic bodies 252 are positioned within
the first and third receptacles 240a, 240¢ and the first and
third channels 244a, 244¢ and the medial and proximal
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members 206, 208 are coupled to the brace member 204, the
biasing members 209a, 2095 are 1n a compressed configu-

ration and exert an outward force on the magnetic bodies
252, thereby retaining the magnetic bodies 252 1n position
during use.

Similarly, the magnetic bodies 252 can be placed in the
first and third pegs 254a, 254¢ 1n the distal coupling member
210 (1.e., a parallel configuration). In order to secure and
align the magnetic bodies 252 within the first and third pegs
254a, 254c¢, a third biasing member 209¢ can be positioned
distal of the one or more magnetic bodies 252 1n the first peg
254a and a fourth biasing member 2094 can be positioned
distal of the one or more magnetic bodies 252 in the third
peg 254c¢. In particular, the biasing members 209¢, 2094 can
be positioned to engage the proximal face 205 of the backing
plate 203, which functions as a backing surface that exerts
force on the biasing members 209¢, 2094 when the distal
coupling member 210 1s coupled to the robotic arm 201 via
the backing plate 203 and the connector plate 262. As a
result of this configuration, the biasing members 209¢, 2094
can bias the magnetic bodies 252 against the peg flanges 260
(peg tlanges 260 are 1llustrated i FIG. 18) 1n the first and
third pegs 234a, 254¢. In other words, when the magnetic
bodies 252 are positioned within the first and third pegs
254a, 254 ¢ and the distal coupling member 210, the backing
plate 203, and the connector plate 262 are coupled to the
robotic arm 201, the biasing members 209¢, 2094 are 1n a
compressed configuration and exert an outward force on the
magnetic bodies 252, thereby retaining the magnetic bodies
252 1n position during use.

EXAMPLES

In order to confirm the functionalities associated with
some aspects of the coupling system 100, 200 experiments
were conducted to assess the magnetic coupling function-
ality. In order to perform these experiments, the coupling
system 100 was used in conjunction with a robotic arm 101
(1.e., a 7 Degrees of Freedom anthropomorphic robot arm
from KUKA Inc.) and an immobile support. In particular, the
brace member 104 was aflixed to the immobile support in a
manner substantially similar to the method described above
with respect to positioning a human arm or other appendage
within the brace member 104. Thereafter, the robotic arm
101 was removably coupled to the brace member 104 1n a
manner substantially similar the methods described above.

During each of the following experiments, the robotic arm
101 and the brace member 104 begin 1 a fully coupled
configuration (i1.e., with the distal coupling member 110
engaged to the proximal and medial coupling members 106
and 108). Thereatter, the robotic arm 101 pulls away from
the brace member 104 1n a direction normal to the coupling
interface with increasing force until decoupling occurs (i.e.,
exceeding the attractive force of the mated magnetic bodies
152). The force exerted by the robotic arm 101 starts at O N
and was increased by 0.125 N/ms until decoupling occurred
or until 250 N was reached and the testing was aborted. The
robotic arm 101 was controlled mn Cartesian 1impedance
mode, so that 1t developed the force progressively and
stoped relatively smoothly after the decoupling event. Eight
trials were done for each of the following configurations.

In order to test the adaptive characteristics of the coupling
system 100, in terms of the required disengagement force,
s1x different configurations of magnetic bodies 152 were
used, as shown in FIG. 12 and 1n Table 1 below. Each
configuration of magnetic bodies 152 had a different theo-
retical maximum force (1.e., the force needed to decouple the
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magnetic bodies 152). The configurations tested included
different numbers of magnetic bodies 1352 put 1n a parallel
configuration (as defined above) or a series configuration
(1.e., linearly adjacent or stacked). In particular, the theo-
retical magnetic body 152-to-magnetic body 152 pull forces
of the magnetic bodies 152 used were computed using the
information provided by the manufacturing company (Ké&J
Magnetics). In these experiments, two types ol magnetic
bodies 152 were employed in the six configurations, (1) 343
inch diameter step-out magnetic bodies 152a (SD64-OUT,
K&J Magnetics) were used exclusively for the point of
engagement with the flanges 146 and/or the peg flanges 160
for a contributing force of about 34.7 N each; and (11) 35 inch
diameter straight magnetic bodies 152 (D62-N52, K&
Magnetics) were used exclusively stacked behind the step-
out magnetic bodies 1524 (i.e., 1n a series configuration) for
a contributing force of 2.2N each. Table 1 shows the
configurations, amounts of each type of magnetic bodies
152a, 152 used, and total theoretical decoupling force.
Finally, for the duration of each trial, the effector force of the

robotic arm 101 was measured and recorded at a sampling
rate of 500 Hz.

TABLE 1

Experimental Configurations

# of Step-Out # of Straight Theoretical
Configura- Magnetic Bodies  Magnetic Bodies  Decoupling Force
tion # 152a 152 (N)
1 1 0 34.7
2 2 0 69.4
3 3 0 104.1
4 4 0 138.8
5 4 2 143.2
6 4 4 147.6

The recorded force for each trial consistently followed the
designed and expected pattern. In particular, the force rose
as the robot exerted force, until exceeding the attractive
magnetic force and decoupling, at which point measured
magnetic force rapidly returned to zero. Moreover, each
successive configuration with consecutively greater theo-
retical force (1.e., stemming from the numbers of magnetic
bodies 152a, 152 or the configuration thereof) showed a
greater maximum force exerted by the robotic arm 101 just
before decoupling occurred. The maximum force of each
trial was found and recorded and then grouped by configu-
ration (FI1G. 13). Furthermore, a box plot of these maximum
forces showing all configurations, means, and standard
deviations of maximum force, as compared to the theoretical
force for each configuration can be seen 1 FIG. 14. In
addition, Table 2 lists the data found in FIG. 14 1in chart
form, as well as the mean of the recorded tforce for each
configuration as a percentage of the theoretical (expected)
decoupling force for that particular configuration.

The above-described results verify that the coupling sys-
tem 100 works as expected. In particular, the coupling was
consistent for the given configurations and the measured
force needed to decouple varied little between trials. More-
over, not only 1s the coupling system 100 consistent within
a single set of parameters (1.¢., configuration of the magnetic
bodies 152a, 152), 1t also scales properly as a function of its
intended independent variable (1.e., the theoretical decou-
pling force) achieved via the magnetic bodies 152a, 152. As
can be seen by the percentage of the theoretical decoupling
force 1n Table 2, the measured force needed to decouple the
coupling system 100 1s linearly related and correlates well
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with the expected decoupling force. For example, the mea-
sure force 1s generally consistently around 80% of the
theoretical decoupling force.

TABLE 2

Experimental v. Theoretical Values of Decoupling Force

Measured
Configura- Theoretical Decoupling Force (N) Accuracy
tion # Decoupling Force (N) [Mean = STD) (%0)
1 34.7 28.0 £ 0.8 80.6
2 69.4 50.3 £ 1.7 72.5
3 104.1 84.5 + 3.0 81.2
4 138.8 114.6 + 3.0 82.6
5 143.2 118.1 £ 2.4 82.4
6 147.6 123.5 £ 0.6 83.7

FIGS. 21-23 1llustrate additional possible features for use
with the systems and methods of the present disclosure
described herein. FIG. 21 shows an implementation of a kill
switch 302, for terminating the current supplied to each
clectromagnet (defined by magnetic bodies 152) according
to some embodiments of the present disclosure. FIG. 22
illustrates variable distance magnets 312 which may be
engaged to each of a plurality of magnetic bodies 152
according to some embodiments. FIG. 23 illustrates that 1n
other embodiments the plurality of channels 144 and/or the
plurality of pegs 154 can include a track 412 as described
herein.

It should be understood from the foregoing that, while
particular embodiments have been 1llustrated and described,
various modifications can be made thereto without departing,
from the spirit and scope of the invention as will be apparent
to those skilled 1n the art. Such changes and modifications
are within the scope and teachings of this invention as
defined 1n the claims appended hereto.

What 1s claimed 1s:

1. A coupling system comprising:

a brace member configured to receive a portion of a
human, the brace member including a first portion
pivotally coupled to a second portion to collectively
define a sleeve channel;

a plurality of coupling members oriented adjacent the
brace member, with a first coupling member of the
plurality of coupling members being engaged to the
brace member, wherein the plurality of coupling mem-
bers defines a plurality of pegs and defines a plurality
of corresponding channels configured to receive a
respective one of the plurality of pegs;

a robotic limb engaged to a second coupling member of
the plurality of coupling members; and

a plurality of magnetic bodies, wherein at least one of the
plurality of magnetic bodies 1s disposed within any two
of the plurality of pegs and at least another one of the
plurality of magnetic bodies 1s disposed with any two
of the plurality of corresponding channels,

wherein the sleeve channel i1s oriented 1n perpendicular
relation relative to the plurality of coupling members,

wherein the plurality of magnetic bodies includes an
amount and configuration ol magnetic bodies defining
a known magnetic decoupling force, and

wherein the second coupling member disengages from the
plurality of coupling members and the brace member
upon exertion of a predetermined force being applied to
the robotic limb so as to disengage the human from the
robotic limb, the predetermined force correlating to the
known magnetic decoupling force.
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2. The coupling system of claim 1, wherein at least one of
the plurality of magnetic bodies 1s disposed within two of the
plurality of pegs that are arranged 1n a parallel configuration.

3. The coupling system of claim 2, wherein at least one of
the plurality of magnetic bodies 1s disposed within two of the
plurality of corresponding channels that are arranged 1n a
parallel configuration.

4. The coupling system of claim 1, wherein the brace
member comprises at least one strap.

5. The coupling system of claim 1 and further comprising
a comiort member.

6. The coupling system of claim 5, wherein the comfort
member 1s disposed at least partially within the sleeve
channel.

7. The coupling system of claim 1, further comprising a
backing plate coupled to at least one of the plurality of
coupling members and a plurality of biasing members.

8. The coupling system of claim 1, further comprising a
connector plate disposed between one of the plurality of
coupling members and the robotic limb.

9. The coupling system of claim 1, wherein each of the
plurality of magnetic bodies 1s an electromagnet for gener-
ating a magnetic field.

10. The coupling system of claim 9, wherein the magnetic
field of each electromagnet 1s controlled by varying a current
supplied to each electromagnet.

11. The coupling system of claim 10, wherein each
clectromagnet 1s 1n operative communication with a kill
switch for terminating the current supplied to each electro-
magnet, and wherein the magnetic field for each electro-
magnet 1s terminated when the current supplied to each
clectromagnet 1s terminated.

12. The coupling system of claim 1, further comprising:

a variable distance apparatus engaged to each of a first
plurality of magnetic bodies of the plurality of mag-
netic bodies for moving the first plurality of magnetic
bodies relative to a second plurality of magnetic bodies.

13. The coupling system of claim 12, wherein increasing
the distance between the first plurality of magnetic bodies
relative to the second plurality of magnetic bodies causes an
Increase 1n an attractive magnetic force between the first and
second plurality of magnetic bodies.

14. The coupling system of claim 12, wherein decreasing
the distance between the first plurality of magnetic bodies
relative to the second plurality of magnetic bodies causes a
decrease 1n an attractive magnetic force between the first and
second plurality of magnetic bodies.

15. The coupling system of claim 12, wherein the variable
distance apparatus comprises a track positioned adjacent the
plurality of magnetic bodies for moving a first plurality of
magnetic bodies 1 a linear direction relative to a second
plurality of magnetic bodies.

16. A coupling apparatus comprising:

a brace member including a first portion pivotally coupled
to a second portion to collectively define a sleeve
channel, the brace member configured to engage with
a portion of a human;

a proximal coupling member being at least partially
engaged to the brace member;

a medial coupling member being at least partially engaged
to the proximal coupling member and comprising a
plurality of channels;

a distal coupling member defining a plurality of pegs,
wherein plurality of channels are configured and
arranged to at least partially receive the plurality of
pegs, the distal coupling member configured to engage
a robotic limb; and
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a plurality of magnetic bodies, wherein at least one of the
plurality of magnetic bodies 1s disposed within any two
of the plurality of pegs and at least another one of the
plurality of magnetic bodies 1s disposed with any two
of the plurality of channels;

wherein the distal coupling member 1s disengageable
from the medial coupling member upon exertion of a
predetermined force applied to the robotic limb, the
predetermined force correlating to a known magnetic
decoupling force associated with the plurality of mag-
netic bodies:

wherein the exertion of the predetermined force being
applied to the robot limb 1s oriented 1n a direction
perpendicular to the sleeve channel.

17. The coupling apparatus of claim 16, wherein at least
a portion of the plurality of magnetic bodies comprises a
step-out configuration.

18. The coupling apparatus of claim 16, wherein at least
one of the plurality of magnetic bodies 1s disposed within
two of the plurality of pegs that are arranged in a parallel
configuration.

19. The coupling apparatus of claim 18, wherein at least
one of the plurality of magnetic bodies 1s disposed within
two of the plurality of channels that are arranged 1n a parallel
configuration.

20. The coupling apparatus of claim 16, further compris-
ing a backing plate coupled to at least one of the coupling
members and a plurality of biasing members.

21. The coupling apparatus of claim 16, further compris-
ing a comiort member.

22. The coupling apparatus of claim 16, wherein at least
a portion of the plurality of channels define a flange.

23. The coupling apparatus of claim 22, wherein at least
a portion of the plurality of pegs define a peg tlange.

24. The coupling apparatus of claim 16, wherein the first
portion and the second portion of the brace member are
pivotally coupled together using a hinge component.

25. A method of assembling a coupling system, the
method comprising:
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coupling a first portion to a second portion to form a brace
member, wherein the brace member defines a sleeve
channel;

coupling a proximal coupling member to the brace mem-
ber:

coupling a medial coupling member to the proximal
coupling member, wherein the medial coupling mem-
ber comprises a plurality of channels;

coupling a distal coupling member to a robotic limb,
wherein the distal coupling member comprises a plu-
rality of pegs, and further wherein the plurality of
channels are configured and arranged to receive the

plurality of pegs;
disposing at least one of a plurality of magnetic bodies
within any two of the plurality of pegs; and
disposing at least one of the plurality of magnetic bodies
within any two the plurality of channels,

wherein the sleeve channel 1s oriented 1n perpendicular

relation relative to the proximal coupling member.

26. The method of claim 25, wherein at least a portion of
the plurality of magnetic bodies comprise a step-out con-
figuration.

27. The method of claim 25, wherein at least one of the
plurality of magnetic bodies 1s disposed within two of the
plurality of pegs that are arranged 1n a parallel configuration
and at least one of the plurality of magnetic bodies 1is
disposed within two of the plurality of channels that are
arranged 1n a parallel configuration.

28. The coupling system of claim 1, wherein the exertion
of a predetermined force being applied to the robotic limb 1s
made 1n a direction parallel to the plurality of corresponding
channels.

29. The coupling apparatus of claim 16, wherein the
proximal coupling member 1s oriented i1n perpendicular
relation relative to the sleeve channel.

30. The coupling apparatus of claim 16, wherein a single
attachment point between the robotic limb and the brace
member 1s defined at a connection between the medial
coupling member and the distal coupling member.
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